The cytochrome cd1-containing nitrite reductase, nirS, plays an important role in biological 13 denitrification. Consequently, investigating the presence and abundance of nirS is a commonly used 14 approach to understand the distribution and potential activity of denitrifying bacteria, in addition to 15 denitrifier communities. Herein, a new molecular biology technique termed loop-mediated isothermal 16 amplification (LAMP) was developed to rapidly detect nirS gene using those of Pseudomonas 17 aeruginosa to optimize the assay. The LAMP assay relied on a set of four primers that were designed to 18 recognize six target sequence sites, resulting in high target specificity. The specificity of the assay was 19 confirmed by the lack of amplification when using DNA from 15 other bacterial species lacking nirS 20 gene. The limit of detection for the LAMP assay under optimized conditions was 1.87 pg/reaction of 21 genomic DNA, which was an order of magnitude lower than that required by conventional PCR assays. 22
bacteria in environmental communities(3,7-9). Of these, nirS is frequently used because its 48 phylogenetic signal is largely congruent with that of 16S rRNA genes at the family or genus levels 49 (10,11). 50
The application of modern molecular biological techniques has greatly facilitated the detection of 51 specific genes. In the last few decades, numerous methods including polymerase chain reaction (PCR) 52
(2,3,11-15), denaturing gradient gel electrophoresis(2,16) and gene chips (17) have been used to detect 53 and analyse nirS gene prevalence and diversity. Among these, PCR-based methods have been 54 prominently employed due to their high degree of accuracy and reliability. In particular, quantitative 55 real-time PCR (qPCR) is a highly sensitive and popular tool for nirS detection that allows simultaneous 56 quantification (11). However, qPCR suffers from several drawbacks including the requirement of resource-limited settings and, especially, in-filed applications (18, 19) . 59
Loop-mediated isothermal amplification (LAMP) that was established by Notomi et al. in 2000 (20) 60 has the potential to overcome drawbacks associated with conventional PCR and revolutionize 61 molecular biology. Compared to conventional PCR methods, it exhibits several significant advantages 62 (18) including: 1) Specialized equipment is not necessary due to the avoidance of thermal cycling, 63 resulting in advantages including ease of miniaturization, low energy consumption, and high efficiency 64
(20,21). 2) Higher specificity by LAMP is achieved due to the use of four to six different primers that 65 bind specific sites on the template strand. 3) Sensitivity is less affected by substances that usually 66 inhibit PCR reactions (21, 22) . These advantages suggest that simple assays could be developed using 67 LAMP with elimination of the most cumbersome steps of sample pretreatment including DNA 68 extraction and purification (23) (24) (25) . Several studies have demonstrated the capacity of LAMP to 69 directly amplify target genes from rapidly processed, crude sample matrices (26-29) including 70 unprocessed samples with or without simple mechanical-based pretreatments (25, 30, 31) . Consequently, 71 the employment of LAMP considerably reduces the cost and turnaround time associated with gene 72 detection. However, there have been no reports of nirS gene detection via LAMP. 73
We have successfully used LAMP assays previously to detect malB genes of Escherichia coli 74 (32,33). Herein, we developed a rapid, easy-to-use, and cost-effective approach for realizing in-field 75 detection of nirS gene of Pseudmonas aeruginosa (34), by constructing a DNA-template based LAMP 76 assay and a cell-template based LAMP assay. The sensitivity and specificity of the new approach were 77 characterized and compared to conventional PCR methods via a sensitivity analysis with extracted 78 genomic DNA as template. Moreover, the LAMP assays were also used to detect nirS gene in seawater 79 samples spiked with genomic DNA or P. aeruginosa cells. 80 Bio-Technology Co., Ltd (Qingdao, China). Bacterial cultivation was conducted in accordance with 95 previously described methods (35,36) with minor modifications. Briefly, strains were stored at −80°C 96 and then pre-grown overnight in the appropriate medium with constant shaking. The incubation 97 temperature was 37°C unless otherwise indicated. Active strains were then further transferred to new 98 culture medium. After a second incubation for ~10 h, cell numbers were measured using a plate 99 counting method that we have used previously (36). The cultures were then immediately diluted to 100 achieve the desired cell concentrations for further use, or otherwise centrifuged to collect cells for DNA 101 extraction. 102
Materials and

Genomic DNA extraction and purification 103
DNA was extracted from cells collected from 50 mL of sub-cultured medium, followed by DNA 104 purification using previously described methods (33). Briefly, cells were pre-separated by 105 centrifugation and genomic DNA was extracted and purified from the collected cells using a rapid 106 commercial genomic DNA extraction kit (Biomed Co., Beijing, China) according to the manufacturer's 107 instructions. Purified DNA was then quantified using a Biodropsis BD-2000 spectrophotometer 108 (Biodropsis Technologies Co., Ltd, Beijing, China). Template genomic DNAs were then stored in Tris-109 EDTA buffer (pH 7.0) at −20°C until further use no later than four weeks after extraction. 110
LAMP assays 111
Primer design and synthesis 112
The nirS gene sequence of P. aeruginosa was obtained from the NCBI database 113 (https://www.ncbi.nlm.nih.gov/gene/882217). LAMP primer sets to amplify nirS were designed based 114 on the published DNA sequence using the LAMP primer designing software package (v.4.0, https://primerexplorer.jp/e/). Using previously published guidelines (37), the specificity of the primers 116 was determined using the NCBI BLAST (Basic Local Alignment Search Tool), and then screened using 117 Primer Premier v.5.0 (PREMIER Biosoft International, Palo Alto, CA) based on the likelihood of 118 primer dimer formation and non-specific priming. From these analyses, a single primer set was selected 119
for LAMP assays (Figure 1 ). From the first bate of F3 to the last bate of B3, there were 207 bp. The 120 sequence of the 207 bases was checked using the NCBI BLAST. Only nirS gene of a few P. aeruginosa 121 strains matched at 100%. The primers were then synthesized by Sangon Biotech Co., Ltd, (Shanghai, 122
China). The priming locations on the target DNA sequence are shown in Figure 1 , and the primer 123 nucleotide sequences are provided in Table 1 . 124 125 Table 1 . LAMP primer sequences. 126
Primer
Sequence
LAMP reaction systems and amplification product characterization 128
As shown in Scheme 1a, LAMP assays using DNA as template, termed DNA-template based 129 LAMP assays, were conducted using previously described methods (20,33) with minor modifications. As shown in Scheme 1b, cell-template based LAMP assays were carried out using the same 143 method described for the nirS gene, but with P. aeruginosa cells as template rather than extracted 144 genomic DNA. P. aeruginosa cells were obtained using the methods described by Kanitkar et al. (30) . 145
Briefly, after the concentration of bacterial cells was quantified using the plate counting method 146 described above, 10 mL of culture medium was centrifuged at 13,000 g for 15 min to obtain a 147 biomass pellet. The biomass pellet was then suspended in an appropriate volume of water and 2 μL of 148 the bacterial suspension was immediately used as amplification template. LAMP products were again 149 characterized by gel electrophoresis and fluorescent dye visualization as described above. 150
Optimization 151
The temperatures and incubation times for the LAMP assay were optimized based on the approach 152 of Balbin et al. (39) . Briefly, amounts of P. aeruginosa genomic DNA varying from 18.70 fg-187.00 ng 153
were used as amplification template. LAMP was then carried out at 61°C, 62°C, 63°C, 64°C, and 65°C. 154
After determining the optimal temperature for the assays, LAMP was then conducted with varying 155 incubation times including 10, 20, 30, 40, 50, 60, 70, and 80 min. 156
Specificity 157
The specificity of the designed nirS primer set was determined using either genomic DNA or 158 bacterial cells as amplification templates. For the former, ~0.1 ng genomic DNA from P. aeruginosa, E. 159 coli, S. aureus, L. monocytogenes, S. typhimurium, Streptomyces spp., S. flexneri, V. parahaemolyticus, 160 H. alkaliphila X1, H. alkaliphila X2 or H. alkaliphila X3 was used as template for the LAMP assay. Gel 161 electrophoresis and visual detection were used to characterize the amplification products. For assays 162 with cells, ~10 5 CFU of cells were used as amplification template. For both sets of assays, 0.19 ng of P. 163 aeruginosa genomic DNA and pure water were used as the positive and negative controls, respectively. 164 2.6. Sensitivity 165
Sensitivity of DNA-template based LAMP assay 166
The sensitivity of the DNA-template based LAMP assay for nirS was determined using a 10-fold 167 serial dilution of the template DNA. Results were again characterized using both gel electrophoresis 168 and visual detection. The limits of detection (LOD) were obtained from these analyses using the same reaction parameters discussed above. Unless otherwise indicated, each assay was conducted in 170 triplicate. 171
Sensitivity of cell-template based LAMP assay 172
The sensitivity of the cell-template based LAMP assay for nirS was determined using methods 173 concentrations were directly used as templates for LAMP assays. The LOD were then determined 202 based on visual detection of the amplification products. 203
Cell-template based LAMP assay 204
A ~10 13 CFU/mL bacterial suspension was prepared in water, as described above. Bacterial 205 suspensions were added to the filtered seawater at various volumes to generate spiked samples over a 206 cell concentration range of 1.68 × 10 1 -1.68 × 10 7 CFU/mL. For each spiked sample, a 50 mL cell 207 suspension was subjected to centrifugation to pellet cells. The obtained biomass pellet was then directly 208 used as template for LAMP assays. In addition, 2 μL of spiked seawater samples were directly used as 209 templates for LAMP assays. The LOD were determined based on visual detection of amplification 210 products. 211
Results 212
LAMP amplification of nirS 213
Using 0.19 ng genomic DNA of P. aeruginosa as template, LAMP amplification of nirS at 63°C 214 for 60 min resulted in amplification products of various size, as indicated by gel electrophoresis and the 215 presence of many sized bands in a reproducible ladder-like pattern (Figure 2a ), which was the same 216 phenomena obtained somewhere (20-23,32). The absence of these ladder-like patterns in the negative 217 control indicated that the pattern was due to nirS amplification. Light green fluorescence of positive 218 amplification products when using the GeneFinder dye was evident ( Figure 2b ) as previously observed 219 (32), while negative controls remained orange. To avoid inhibition of the dye fluorescence, 1 μL of 220
GeneFinder solution was coated inside of the Eppendorf tube cover, rather than premixing it into the 221
LAMP reaction mixture. 222
To optimize the assay, LAMP reactions were conducted at various temperatures and incubation 223 times. The ladder-like electrophoresis patterns observed in the initial amplifications were reproduced Modifying the incubation temperatures or using incubation times < 60 min resulted in the absence of 226 ladder-like electrophoresis band patterns. Consequently, an incubation temperature of 63°C and time of 227 60 min were selected for further analyses. 228
Using 3.36 × 10 2 CFU of P. aeruginosa cells as template, cell-template based LAMP assays were 229 also incubated at 63°C for 60 min and yielded similar successful amplification results as with 230 amplification using genomic DNA (Figure 3a and 3b) , without negative control amplification. These 231 results indicated positive LAMP amplification from P. aeruginosa cells under the specified conditions. 232
Specificity of LAMP assay 233
The specificity of the LAMP assay for the detection of nirS gene was determined using ~0.10 ng 234 of genomic DNA from various bacterial species as template (Table 2) . Results ( Figure S1and Figure S2 ) 235 indicated the specific amplification of nirS from P. aeruginosa genomic DNA that contains the 236 cytochrome cd1-containing nitrite reductase encoding gene (34). Moreover, no false positive or false 237 negative results were observed when using template DNA from a wide range of bacterial species, 238
indicating good specificity of the LAMP assay for the nirS gene. 239 
based LAMP assay using ~10 3 CFU/reaction from various bacterial species as template. The results 244 from these assays (Table 3) were consistent with those obtained from DNA-template based LAMP 245 assays (Table 2) , indicating high specificity of cell-template based amplification under the selected 246 conditions. 247 
Sensitivity of LAMP assay 251
We assessed the sensitivity of DNA-template based LAMP assay over the amount range of 1.87 fg 252 -187.00 ng. The results (Figure 4a and 4b) indicated that the LOD was 1.87 pg/reaction with these 253 specified parameters. Below this LOD, no visual detection of amplification products was observed. 254
Moreover, the sensitivity of gel electrophoresis and visual detection were equivalent, suggesting that 255 they were both equally appropriate for determining LAMP amplification success. Using longer 256 incubation times can lower the LOD of LAMP assays at the expense of analysis efficiency (40). 257
Consequently, 60 min was selected as the incubation time for all other reactions. The sensitivity of 258 cell-template based LAMP assays was also evaluated as above with amount of P. aeruginosa cells over 259 the range of 3.36 × 10 0 -3.36 × 10 8 CFU/reaction (Figure 5a and 5b) . The LOD was 3.36 × 10 2 260
Using the F3 and B3 primers, experiments were conducted to determine the sensitivity of 263 conventional PCR assay in comparison with the DNA-template based LAMP assay. Genomic DNA 264 amount ranging from 1.87 fg-187.00 ng/reaction were used as template for the reactions. Gel 265 electrophoresis characterization of PCR amplification products indicated no amplification when the 266 DNA template was in a lower amount than 18.70 pg/reaction ( Figure 6 ), but amplification was detected 267 over the range of 18.70 pg to 187.00 ng/reaction. These results indicate a wider dynamic range of the 268 LAMP assays, with 10-fold greater sensitivity than conventional PCR when using genomic DNA. 269
Further, no PCR amplification was detected when P. aeruginosa cells were directly added to each PCR 270 reaction mixture over the range of 3.36 × 10 8 -3.36 × 10 4 CFU/reaction. 271
Detection of nirS gene in spiked seawater samples 272
To investigate the ability of the DNA-template based LAMP and the cell-template based LAMP 273 assays for detecting nirS in complex matrices, we spiked seawater samples with P. aeruginosa genomic 274 DNA or cells over concentration ranges of 1.27 × 10 2 -1.27 × 10 8 fg/μL and 1.68×10 1 -1.68×10 7 275 CFU/mL, respectively. A 2 μL aliquot of the spiked samples was then used as a template in reactions 276 with incubations at 63°C for 60 min. Amplification success was characterized by staining with 277
GeneFinder. Amplifications did not occur with genomic DNA concentrations lower than 1.27×10 4 278 fg/μL in the spiked samples ( Figure S3 ). In the cell-template based LAMP assay, a 50 mL mixture of 279 seawater spiked with cells at different concentrations was pretreated by centrifugation to pellet cells. 280
The obtained biomass pellet was then directly used as the template for the cell-template based LAMP 281 assay. Amplifications occurred using every biomass pellet obtained from the spiked samples ( Figure  282   S4 ). When using a 2 μL spiked sample as a template, amplifications only occurred when cell 283 concentrations were greater than 1.68 × 10 4 CFU/mL ( Figure S5) . 284
Discussion 285
Denitrification and denitrifying microbial communities have recently received widespread 286 research attention due to their important contributions to the global nitrogen cycle (1, 8, 41) . Functional 287 genes involved in nitrite reduction, especially the cytochrome cd1-containing nitrite reductase encoding 288 gene, nirS, are commonly used as molecular markers to detect denitrifying populations and potential 289 activities (8,41-44). Concomitantly, the recent development of a novel gene amplification procedure, 290 LAMP assay were developed to detect nirS gene of P. aeruginosa. The characteristics of these assays 293 are discussed below and compared against those of conventional PCR assays. 294 LAMP reactions achieve DNA amplifications using a one-step reaction with a set of 295 target-specific primers (e.g., FIP, BIP, F3, and B3) that recognize six distinct sites flanking the target 296 sequence. The FIP and BIP, each of which contains two functional sequences (one for priming 297 extension in the first stage and the other for self-priming in the second stage) corresponding to the 298 sequences (sense and antisense) of the target dsDNA, play major roles in the LAMP reaction. 299
Catalyzing by Bst DNA polymerase with strand displacement activity, LAMP reaction includes two 300 stages. In the first stage, all of four primers are used to start structure-produce. In the second stage, only 301 FIP and BIP are required for realizing cycling amplification. In brief, an ssDNA is released by strand 302 displacement DNA synthesis primed by an F3 and then acts as the template for DNA synthesis primed 303 by both BIP and B3, producing a stem-loop DNA structure. After initiation by one inner primer 304 complementary to the loop on the product, the cycling amplification process is continued by each inner 305 primer alternately. Thus, the specificity is higher than PCR and the final products are stem-loop DNAs 306 with different inverted target repeats and cauliflower-like structures with multiple loops, which are 307 ladder-like patterns characterized by gel electrophoresis (18, 20) . NirS gene is absent in S. aureus and E. 308 coli genomes, but present in those of P. aeruginosa (45), which is consistent with other reports (2, 34). 309
Our amplification results from LAMP specificity assays are consistent with these reports. 310
PCR activity strongly depends on the cycling of working temperatures, consequently requiring 311 sophisticated equipment to accurately control reaction temperatures. One of the major advantages of 312 the LAMP assay over conventional PCR is eliminating the need for cycling of temperatures, thereby 313 allowing the use of simple, miniature, and affordable amplification devices, in addition to requiring 314 lower energy consumption (21). These features render LAMP assays suitable for use in 315 resource-limited rural areas. Moreover, these advantages make LAMP a promising approach for 316 realizing in-field detection and avoiding cumbersome transportation from sampling sites to specialized 317 laboratories, as is necessary for conventional PCR detection of nirS gene from environmental samples 318
(3-5,11-14). 319 PCR products are typically characterized by gel electrophoresis (5,13,43) or otherwise via 320 quantification with fluorescent probes (5,42,43). In contrast, more quantification approaches can be electrophoresis and GeneFinder characterization are both endpoint analyses that are appropriate for 323 LAMP detection, as shown here and elsewhere. In addition, several alternative endpoint methods can 324 be used, including assays with SYBR Green I, Quant-iT PicoGreen, and polyethylenimine, among 325 others. Further, the large amount of white precipitate that is the product of insoluble magnesium 326 pyrophosphate can be used to determine LAMP reaction success with or without centrifugation (21). 327
Online characterization methods can also be used to assess LAMP amplification success including the 328 use of turbidimeters, optical fibers, or spectrophotometers that can monitor LAMP reaction progress 329 based on the formation of magnesium pyrophosphate (21,38). Consequently, the addition of special 330 indicator reagents is unnecessary, further reducing reagent and labor costs. Importantly, instruments for 331 real-time monitoring of LAMP amplification are already commercially available. 332
The results reported here indicate that conventional PCR assays of nirS gene required more than 333 18.7 fg of template DNA for each reaction, which is consistent with results from Li et al. (46) . In 334 contrast, the LAMP assay results reported here demonstrate a LOD of 1.87 pg/reaction, indicating a 335 significantly higher sensitivity than conventional PCR, which agrees with previous reports (19, 27) . 336
Moreover, nirS gene detection with conventional PCR assays required cell lysis and subsequent DNA 337 extraction (5,43). Consistent with these observations, we found that PCR amplification could not occur 338 using bacterial cells as the amplification template. DNA extraction, PCR reactions, and electrophoresis 339 typically require >1 h each, and all of these procedures require bulky, specialized equipment. 340
Performing real-time quantitative PCR is much quicker than traditional PCR due to the measurement of 341 reaction results in real time. However, qPCR necessitates expensive probes, even more sophisticated 342 equipment than traditional PCR and is still time consuming. Consequently, conventional and real-time 343 PCR assays are not amenable to detection of nirS gene in point-of-care settings. LAMP has the 344 potential to circumvent these problems due to a reduced dependence on pretreatment of samples and 345 the ability to conduct LAMP under isothermal condition (18,21). In particular, the efficacy of 346 cell-template based LAMP assay considerably enhances its application in point-of-care settings 347 (25,30,31). For example, we successfully detected nirS gene of P. aeruginosa cells over a range of 3.36 348 × 10 2 -3.36 × 10 8 CFU/reaction. These results further confirm that LAMP assays are less affected by 349 substances that typically inhibit conventional PCR (21,22). Consequently, simpler LAMP assays can be 350 developed by eliminating the DNA extraction step that is necessary prior to conventional PCRs. Further, 351 only 1 h was needed from the addition of template bacterial cells to amplification verification without the need for bulky and sophisticated equipment. Moreover, nirS gene of P. aeruginosa could be 353 detected in spiked seawater samples with either DNA template or bacterial cells template, further 354 demonstrating the practicality of the LAMP assays, even in complex background matrices. It should be 355 noted, however, that sensitivity of the LAMP assay was clearly affected by the presence of complex 356 co-existing substances in the seawater. 357
Future investigations of nirS amplification via LAMP assays will focus on improving the assays 358 through three target areas. First, the specificity of the LAMP assay towards nirS from other organisms 359
including Pseudomonas aeruginosa (8), Pseudomonas stutzeri (13) and other taxa (46) will be tested to 360 determine its capacity for analyzing denitrifier communities, in general. Second, methods will be 361 developed to eliminate interference from dead cells and extracellular DNA, because only gene 362 expression from viable cells is meaningful towards understanding functional protein expression and 363 consequent denitrification activity. Lastly, a quantitative LAMP assay will be developed to determine 364 the relationship between nirS gene copy abundance in viable microbial cells and denitrifying efficiency. 365
Conclusions 366
Herein, LAMP assays were developed for detecting cytochrome cd1-containing nitrite reductase 367 encoding gene, nirS, for the first time. The developed primer sets recognized the target sequence with 368 high specificity, as characterized by gel electrophoresis or GeneFinder visualization. Optimized 369 incubation temperature at 63°C and a time of 60 min led to an obtained LOD of 1.87 pg. Importantly, 370 this limit was lower than that of conventional PCR assays by an order of magnitude. 371
One of the unique advantages of LAMP amplification is the capacity to amplify DNA directly 372 from bacterial cell templates, owing to its higher resistance to inhibition than conventional PCR assays. 373
The cell-template based LAMP also exhibited high specificity. After optimizing amplification 374 conditions, a LOD of 3.36 × 10 2 CFU/reaction was obtained. Moreover, only 1 h was needed from the 375 addition of bacterial cells to the confirmation of nirS amplification, and bulky and sophisticated 376 equipment were not required. 377
Overall, the LAMP assay presented here was superior to conventional PCR assays in terms of 378 sensitivity, specificity, turnover-time, simplicity, and cost. Importantly, the LAMP assays described 379
here are ready to use for in-field applications. Their practicality using environmental samples was 380 preliminarily demonstrated using seawater samples spiked with genomic DNA or P. aeruginosa cells. genomic DNA as template. Amplification success was verified by gel electrophoresis. Lanes 1 to 10 567 correspond to template genomic DNA amounts of 187.00 ng, 18.70 ng, 1.87 ng, 187.00 pg, 18.70 pg, 568
1.87 pg, 187.00 fg, 18.70 fg, 1.87 fg, and 0.00 fg/reaction, respectively. 569
